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Abstract
A search for the neutral Higgs boson in the processes e+e -  —> Z —> H°y —* qqy and e+e~ —* Z —» Z*H° —> qqyy  ha< 
been performed using 2.8 million hadronic Z decays collected with the L3 detector at LEP from 1991 through 1994. Nc 
evidence for these processes has been observed. Upper limits at 95% confidence level for the corresponding cross sections 
have been set and the results have been compared with theoretical predictions beyond the Standard Model.
1. Introduction
The minimal version of the Standard Model (SM) 
[ 1 ] predicts the existence of a neutral Higgs boson 
H° [2] with an unknown mass. At LEP, a H° lighter 
than the Z could be observable through the processes
e+e
and
Z H°y, Ho qq (i)
-4-e e Z —* H°Z Ho 7 7 Z* qq- (2)
In the SM, reaction ( 1 ) occurs at the one-loop level 
with charged particles inside the loop, the dominant 
contribution coming from the bosons (Fig. la). 
The fermion contributions are negligible due to the 
lower masses involved. Process (2) is also suppressed 
in the SM framework, since theH0 decay into two pho­
tons proceeds via a similar loop-diagram (Fig. lb). 
Within the SM the cross section for process (1) is 
below 0.1 pb and for process (2) below 10“ 2 pb.
However, in several extensions of the Standard 
Model, these branching ratios can be significantly en­
hanced. For example in the Minimal Supersymmetrie
1 Supported by the German Bundesministerium für Bildung, Wis­
senschaft, Forschung und Technologie.
2 Supported by the Hungarian OTKA fund under contract number 
TI4459.
3 Supported also by the Comisión Interministerial de Ciencia y
___  A
Technologia.
4 Also supported by CONICET and Universidad Nacional de La 
Plata, CC 67, 1900 La Plata, Argentina.
5 Also supported by Panjab University, Chandigarh-160014, India.
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Fig. 1. Feynman diagrams for the process (a) e+e —* Z —> H0? 
with H° -4 qq and (b) e+e“  -» Z -► H°Z* with H° yy, 
Z* —> qq. In the Standard Model the Z decay in (a) and the H° 
decay in (b) occur via charged boson or fermion (not shown on 
the plot) loops.
Standard Model (MSSM) the loop-diagrams of pro­
cesses (1) and (2) may contain supersymmetrie par­
ticles (e.g. charginos), resulting in branching ratios
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which can be increased by up to a factor of 3 [3,4].
A non-standard symmetry breaking may also lead 
to anomalous interactions of the Higgs with the elee- 
troweak gauge bosons affecting the Higgs production 
and decay mechanisms. The anomalous interactions 
can be described by an effective dimension-six La- 
grangian £ eff = J2] w^cre 0¿ are the operators 
representing the anomalous couplings, A is the typical 
energy scale of the interactions and ƒ/ are constants 
defining the strength of each term [5], Whereas in 
the SM the decay H° —► y y  occurs at the one-loop 
level, dimension-six operators contribute at the tree 
level and can therefore lead to large deviations from 
the SM. Low energy experiments provide a measure­
ment of some of the coefficients /¿ /A 2, typical val­
ues being of 0 (1  TeV“ 2) with some of them being 
as large as 0 (  100 TeV” 2). The decay width r (H °  —>■ 
yy) ( f i / A2)2, and for some combinations of the 
coefficients the branching ratio r (H °  —► y y )  can be 
enhanced by a factor as large as 104 [5]. Similarly, the 
decay Z —» H°y (one-loop level in the SM) is sensi­
tive to such anomalous couplings and can therefore be 
largely enhanced by the dimension-six contributions 
occurring at the tree level.
In addition, in some composite models like the 
Strongly-Coupled Standard Model (SCSM) the 
branching ratios for reactions (1) and (2) can differ 
from the SM values [6,7]. Assuming a scale factor 
A characterising the SCSM interaction to be about 
300 GeV, the branching ratio T(Z —► H°y) is en­
hanced by a factor of 100 at MHo = 60 GeV leading 
to measurable cross sections at LEP [6],
This search extends to any scalar boson decaying 
like the Higgs boson in (1) and (2).
The large number of Z decays collected with the 
L3 detector at LEP allows a search for these rare pro­
cesses to be conducted. This search has been carried 
out by studying hadronic events with one or two iso­
lated hard photons in the final state. Previous results 
for these searches from the L3 and the other LEP col­
laborations are reported in Refs. [ 8,9]. The results re­
ported in this paper update our previous measurements 
and are obtained using events collected at center-of- 
mass energies in the range 9 1 . 0 < a/ s < 91.5 GeV 
from 1991 through 1994 and corresponding to a total 
integrated luminosity of 96.8 pb” 1.
2. The L3 detector
The L3 detector consists of a silicon microvertex 
detector, a central tracking chamber, a high resolu­
tion electromagnetic calorimeter composed of BGO 
crystals, a barrel of scintillation counters, a uranium 
hadron calorimeter with proportional wire cham­
ber readout, and an accurate muon chamber system. 
These detectors are installed in a 12 m diameter mag­
net which provides a solenoidal field of 0.5 T and a 
toroidal field of L2 T, Luminosity is measured with a 
forward-backward BGO calorimeter on each side of 
the detector. A detailed description of each detector 
subsystem and its performance is given in [ 11,10].
The electromagnetic calorimeter consists of 10734 
BGO crystals divided into a barrel with a polar angle 
coverage 42° < 6 <  138° and two endcaps corre­
sponding to the polar angle coverage 10° < 6 <  37° 
and 143° <  6 <  170° For electrons and photons of 
more than 5 GeV the energy resolution is less than 
2% with an angular resolution better than 2 inrad.
The response of the L3 detector is modelled with the 
GEANT 3.15 detector simulation program [12] which 
includes the effects of energy loss, multiple scattering 
and showering in the detector materials and in the 
beam pipe as well as the time-dependent inefficiencies 
of the various subdetectors.
3. Selection of hadronic events with hard photons
The selection of e+e" —* hadrons events is based 
on the energy measured in the electromagnetic and 
hadronic calorimeters.
We measure the total visible energy (Ev¡s) and the 
energy imbalances parallel (£j|) and perpendicular 
(Ex.) to the beam direction. We select an event to be 
hadronic if it satisfies the following cuts:
-  c^lusters > 12 ,
-  0.6 <  £ vis/y/s <  1.4,
-  E J E VÌS < 0.4,
-  |£ , | | /£ vis <  0.4.
Only clusters with energy greater than 100 MeV have 
been used. Since the number of clusters is proportional 
to the number of particles in the event, the cut on 
c^lusters serves to reject low multiplicity events, which 
are mainly leptonic or two-photon events.
Applying these cuts to 2.2 million fully simulated
414 13 Collaboration /  Physics Letters B 388 (1996) 409-418
events, we find that 98% of the hadronic Z decays are 
accepted. The Monte Carlo hadronic events were gen­
erated using JETSET 7.3 [13] with parton shower and 
string fragmentation. In order to reduce the contribu­
tion from initial state radiation we restrict our study to 
the events produced near the Z peak corresponding to 
a center-of-mass energy 91.0 <  yfs <  91.5 GeV. We 
select 2,8 million hadronic events. The photon candi­
dates are selected from the previous event sample by 
requiring the following criteria on reconstructed clus­
ters in the electromagnetic calorimeter:
“  -^cluster >  5 GeV,
-  17° <  6y <  35°, or 45° < 0y <  135°, or
145° < 6y < 163°,
-  no track associated to the cluster.
The cut on the polar angle 6y is chosen such that 
an electromagnetic shower is well contained either in 
the endcaps or in the barrel. The matching of tracks 
to electromagnetic clusters is performed in the plane 
transverse to the beam, by extrapolating the track to the 
estimated position of the cluster and then measuring 
the azimuthal separation at this radius.
Most of the photons produced in hadronic Z decays 
come from fragmentation products, mainly 77°’s and 
yf s decaying into photons. To reduce significantly this 
contamination we isolate the photon candidates by re­
quiring no other electromagnetic cluster with an en­
ergy above 40 MeV in a cone of half-angle 15° around 
the candidate direction.
To improve the neutral hadron rejection, we also use 
a neural network classifier [ 14] to discriminate single 
photon showers from multi-photon showers produced 
in the electromagnetic calorimeter. This cut accepts 
90% of the photons while rejecting from 55% up to 
70% of the neutral hadrons for 20 GeV clusters; the 
rejection rate is higher in the BGO barrel (65%-70%) 
than in the endcaps (55%-65%) due to the more com­
plex endcap geometry.
From the 2.8 million hadronic events studied, 11538 
events with 11567 photon candidates pass these selec­
tion criteria. According to Monte Carlo simulations, 
approximately 77% of the selected photon candidates 
originate from final state radiation, 11% from initial 
state radiation and 12% are due to neutral hadrons fak­
ing a single photon. These three background sources 
are irreducible.
Mh (GeV)
Fig. 2. Selection efficiency for the process Z —► H°% H 
a function of the Higgs mass. The errors shown include statistical 
and systematic uncertainties.
4. Search for a narrow resonance
■o qq as
The signature for process (1) is a monochromatic 
photon accompanied by hadrons. Since the Z produced 
in e+e” collisions at LEP is at rest, the energy (Ey ) of 
the photon is determined by the mass of the resonance 
(Mh) using the following formula:
Mìi = -^Loii = m l ~  2EYmz , (3)
where MÏCC0\\ denotes the mass of the recoiling 
hadronic system and mz is the Z mass. The very good 
energy resolution of the BGO calorimeter can be used 
to determine the mass of the resonance. This trans­
lates into a mass resolution ranging from 0.2% for 
a 80 GeV resonance mass up to 13% for a 20 GeV 
mass.
We use the PYTHIA 5.6 event generator [15] to 
simulate the process ( 1 ) for the Higgs mass values 
of 30, 40, 60 and 80 GeV, The H° was assumed to 
decay isotropically. The events were passed through 
the full detector simulation. The selection efficiencies 
for signal events obtained with the four mass values 
with an overlaid fit of a second order polynomial are 
shown in Fig. 2. The efficiency varies from 58% to 
75%.
The dominant systematic error in determining the 
efficiency is due to hadronization uncertainties. This is 
estimated by using a different fragmentation scheme, 
based on cluster fragmentation implemented in the
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40
Mrecoi, (GeV)
Fig. 3. The recoiling hadronic mass spectrum obtained from the 
photon energy together with a fit for the background for two ranges 
of mass values (a) Mrccon < 65 GeV and (b) Mrcco\\ > 60 GeV.
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Fig. 4. The 95% C.L. upper limit for the cross section
—► H°y) x Br(H° —► qq) together with some theoreti­
cal predictions. SM -  Standard Model, MSSM -  Minimal Super- 
symmetric Standard Model, SCSM -  Strongly Coupled Standard 
Model. For the MSSM prediction we present the maximal allowed 
enhancement of the cross section as given in [3]. For the SCSM, 
the compositeness scale Á is noted.
HERWIG QCD model [16]. We estimate the uncer­
tainty as the difference between the two model predic­
tions for selecting qqy events with the previous cuts. 
This gives an error of about 2% on the efficiency. Other 
systematic effects can be neglected.
Process ( 1 ) would appear as a peak in the Mrec0H 
distribution. The background is estimated from the 
data so as not to introduce systematic effects from un­
certainties in Monte Carlo expectations: an exponen­
tial plus a second order polynomial is fit, see Fig. 3, 
Such a fit, performed over a mass range much wider 
than the expected signal width, would not be affected 
by the possible presence of a resonance peak.
We have searched for a signal in the recoil mass 
spectrum by performing several fits each with a gaus- 
sian signal centered at a given Mh over a polynomial 
background. The width of the gaussian depends on Mh 
and is determined using the detector resolution. Non- 
gaussian tails in the resolution reduce the efficiency 
by 3% and are accounted for.
The analysis has been performed separately for 
Higgs mass values ranging from 20 to 60 GeV and 
from 60 to 80 GeV. This is due to the fact that for 
low Higgs mass values (high photon energies) the
mass resolution, is larger than for higher Higgs mass 
values. In addition, the energy distribution of photons 
decreases almost exponentially, therefore, in order 
to perform a reliable fit for the background, a larger 
bin size is needed for higher photon energies (lower 
Higgs masses). For the M rec0ii spectrum we therefore 
use 0.7 GeV bins for Mh < 60 GeV and 0.3 GeV 
bins for Mh > 60 GeV. The M reCoii spectrum together 
with the fit for the background is shown in Fig. 3.
No evidence for a Higgs signal is visible through 
this process. The 95% C.L. upper limit for the cross 
section cr(e+e~ —» H°y) x Br(H° —> qq) is pre­
sented in Fig. 4 as a function of the H° mass together 
with predictions from different models. In calculat­
ing the upper limit we have conservatively lowered 
the efficiency by one standard deviation. The limit is 
one to two orders of magnitude higher than the Stan­
dard Model expectation while it is two to three times 
the maximum possible MSSM value for a Higgs mass 
below 50 GeV. As a result of this search it is pos­
sible to exclude combinations of the coefficients ƒ,■ 
in the model involving the dimension-six Lagrangian 
which give cross sections larger than our obtained up­
per limit. This search also excludes the Strongly Cou-
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Fig. 5. The energy distribution of photon candidates in hadronic 
events with two or more photons for MHo - 4 0  GeV Monte 
Carlo signal together with the corresponding distribution obtained 
from data. The arrow corresponds to the cut used. The relative 
normalization of the distributions is arbitrary,
pled Standard Model (SCSM) if the scale factor À is 
less than 100 GeV.
5. Search for a scalar boson decaying into two 
photons
The expected signature for process (2) is two iso­
lated energetic photons accompanied by hadrons. The 
event sample is obtained from the previous one by re­
quiring at least two photon candidates with an energy 
greater than 10 GeV. No events with three photon 
candidates pass these cuts. The photon energy distri­
bution of the Monte Carlo H° signal, together with the 
distribution obtained from data before the cut is ap­
plied, is shown in Fig. 5, The corresponding clusters 
should be separated by at least 40° in space angle and 
should be separated from the nearest hadronic jet by 
more than than 30°. The jets are reconstructed using 
the JADE [17] algorithm with yCK/=0.05 excluding 
the isolated photon candidates from the reconstruction. 
The last two cuts have been optimised using Monte 
Carlo events for hadronic Z decays and for the reac­
tion under study.
From the complete data sample we select 7 events. 
The main characteristics of these events are sum­
marised in Table 1.
Mh (GeV)
Fig. 6. Selection efficiency for the process Z —► H°qq, H° —> yy  
as a function of the Higgs mass. The errors shown include statistical 
and systematic uncertainties.
Table 1
Events with two isolated photon candidates. E7t\ and Ey¿ denote 
the energies of the photons, A<E>' is the space angle between the 
photon directions and Myy is the invariant mass of the photon pair.
Ey,\
(GeV)
£ y2
(GeV)
AO'
(deg)
Myy
(GeV)
29.1 15.3 97.5 31.7
35.4 26.4 132.8 56.0
10.4 16.5 135.6 24.3
31.9 38.7 147.4 67.5
22.4 14.4 119.3 31.0
29.6 11.0 84.4 24.3
13.3 36.9 125.7 39.4
Process (2) for the five Higgs mass values 20, 30, 
40, 50 and 60 GeV has been simulated as before. The 
events have been passed through the full L3 detec­
tor simulation to determine the selection efficiencies 
which are shown in Fig. 6 with an overlaid fit of a sec­
ond order polynomial. The selection efficiencies vary 
between 16% at 20 GeV and 34% at 50 GeV. We use 
the same systematic uncertainty on the fragmentation 
process as in the Z —> E°y  case.
The y y  invariant mass resolution is 3% for Mh = 
10 GeV and 2% for MH > 30 GeV.
The same selection applied to the 2.16 million 
hadronic Z decays generated with Monte Carlo re­
tains only two events. It should be noticed that the 
JETSET prediction for the rate of final state photons
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Fig. 7. The 95% C.L. upper limit for the cross section 
cr(e+e~ —► H° +  hadrons) x Br(H° —> yy) together with some 
theoretical predictions. SM -  Standard Model, MSSM -  Mini­
mal Supersymmetrie Standard Model, SCSM -  Strongly Coupled 
Standard Model. For the MSSM prediction we present the max­
imal allowed enhancement of the cross section as given in [4]. 
For the SCSM, the compositeness scale A is noted.
and isolated neutral hadrons in hadronic events is 
lower than experimentally observed, the discrepancy 
being 15%-~29% [14], Due to this discrepancy, the 
Monte Carlo background for qq y y  events is underes­
timated. We have therefore estimated the background 
for the y y  invariant mass distribution by using the 
experimentally determined photon energy distribution 
in qqy events. We assume that the two energetic pho­
tons in a hadronic event are produced independently 
of each other. The y y  invariant mass distribution for 
the background obtained following this method is 
in good agreement with the observed y y  invariant 
mass distribution, the agreement being independent 
of the event selection criteria. The estimated number 
of background events corresponding to the number of 
hadronic events in the data is 4.8. However, in cal­
culating the upper limit for the corresponding cross 
section, this background can be neglected since the 
corresponding events are distributed over several y y  
invariant mass bins. The background contribution to 
the cross section upper limit is estimated to be of the 
order of 3% and is neglected.
No clear signal for H° —> y y  is seen. The 95% 
C.L. upper limit for the cross section <r(e+e“ —> 
H° +  hadrons) x Br(H° —► y y )  and its comparison to
M SSM .. 
S M ....  ”
SCSM A=1 TeV-=
' + mt
20 40
Mh (GeV)
60
different theoretical predictions is presented in Fig. 7 
as a function of the H° mass. In calculating the upper 
limit we have conservatively lowered the efficiency by 
one standard deviation.
The limit is more than two orders of magnitude 
higher than the Standard Model expectation. As for the 
other search it is possible to exclude the combinations 
of coefficients ƒ,• in the model involving a dimension- 
six Lagrangian which give cross sections higher than 
our upper limit. The Strongly Coupled Standard Model 
is excluded for the scale factor Á less than 100 GeV.
6. Conclusion
No evidence of a Higgs boson produced in the re­
actions e+e” —> Z —> H°y, H° —» qq and e+e” —> 
Z —► H°Z*, H° —► y y , Z* qq is observed in the 
data collected at LEP with the L3 detector during the 
period from 1991 through 1994 with an integrated lu­
minosity of 96.8 pb-1 .
We set upper limits on cross sections for these two 
processes. Our 95% C.L. limit for o-(e+e-  —* H°y) x 
Br(H° -» qq) is in the range 0.3 to 1.0 pb for Higgs 
mass values between 20 and 80 GeV.
The 95% C.L. upper limit on the cross section 
o“(e+e” —y H° -f hadrons) x Br(H° yy )  is in the 
range 0.1 to 0.3 pb for Higgs mass values between 20 
and 70 GeV.
Models predicting large enhancement of these pro­
cesses with respect to the Standard Model are excluded 
in the mass range 20 GeV < Mh <  80 GeV. The 
two measured limits exclude combinations of the co­
efficients f i  in the model involving a dimension-six 
Lagrangian which give cross sections higher than our 
measured limits. Our search also excludes the Strongly 
Coupled Standard Model if the scale factor A is less 
than 100 GeV,
This study improves our previous limits [8] by one 
order of magnitude. The results obtained can be ex­
tended to any neutral scalar boson decaying into the 
same final states as the Higgs boson.
Acknowledgements
We wish to express our gratitude to the CERN ac­
celerator divisions for the excellent performance of the
418 L3 Collaboration /Physics Letters B 388 (1996) 409-418
LEP machine. We acknowledge with appreciation the 
effort of all engineers, technicians and support staff 
who have participated in the construction and main­
tenance of this experiment. Those of us who are not 
from member states thank CERN for its hospitality 
and help. We would like to thank P. Mättig for useful 
discussions.
References
[1 1 S.L. Glashow, Nucl, Phys. 22 (1961) 579;
S. Weinberg, Phys. Rev. Lett. 19 (1967) 1264;
A. Salam, Elementary Particle Theory, Ed. N. Svartholm, 
Stockholm, Almquist and Wiksell (1968) 367.
[2J P.W. Higgs, Phys. Lett. 12 (1964) 132; Phys. Rev. Lett. 13 
(1964) 508; Phys. Rev. 145 (1966) 1156;
F. Englert, R. Brout, Phys. Rev, Lett. 13 (1964) 321.
[3j G. Gamberini, G.F. Giudice, G. Ridolfi, Nucl. Phys. B 292 
(1987) 237.
[4J R. Bates, John N. Ng, P. Kalyniak, Phys. Rev. D 34 (1986) 
172.
[5] K. Hagiwara, R. Szalapski, D. Zeppenfeld, Phys. Lett. B 318
(1993) 155.
[6 ] D.W. Düscdau, J, Wudka, Phys. Lett. B 180 (1986) 290. 
17] F.M. Renard, Phys. Lett. B 126 (1983) 59.
[8 ] L3 Collab., 0 .  Adriani et al., Phys. Lett. B 292 ( 1992) 472,
[9] ALEPH Collab., D. Buskulicet ah, Phys. Lett. B 308 (1993) 
425;
DELPHI Collab., P. Abreu et a l,  Z. Phys. C 53 ( 1992) 555. 
OPAL Collab., P. Acton et al„ Phys. Lett. B 311 (1993) 391 ’ 
OPAL Collab., G. Alexander et al., Preprint CERN-PPE/95- 
193, Submitted to Z. Phys. C.
[10] L3 Collab., O. Adriani et al., Phys. Rep. 236 (1993) 1.
[ 11] L3 Collab., B. Adeva et al., Nucl. Inst. Meth. A 289 ( 1990) 
35;
L3 Collab., M. Acciarri et al., Nucl. Inst. Meth. A 351
(1994) 300.
[12] R. Brun et al., GEANT 3, CERN DD/EE/84-1 (Revised), 
September 1987;
The GHEISHA program (H. Fesefeldt, RWTH Aachen 
Report PITHA 85/02 (1985)) is used to simulate hadronic
interactions.
[13] T. Sjöstrand, Comp. Phys. Comm. 39 (1986) 347;
T. Sjöstrand and M. Bengtsson, Comp. Phys. Comm, 43 
(1987) 367.
[14] D. Kirkby, A Study of Final-State Radiation in Hadronic 
Z Decays, Ph.D Thesis, California Institute of Technology
(1995) unpublished.
[15] H.-U. Bengtsson, T. Sjöstrand, Comp. Phys. Comm. 46 
(1987) 43.
[16] G. Marchesini and B. Webber, Nucl. Phys. B 310 (1988) 
461;
I.G. Knowles, Nucl, Phys. B 310 (1988) 571;
G. Marchesini et al., Comp. Phys. Comm. 67 ( 1992) 465.
[17] JADE Collab., W. Bartel et al., Z. Phys. C 33 ( 1986) 23; 
JADE Collab., S. Bethke et al., Phys. Lett. B 213 (1988) 
235.
